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a  b  s  t  r  a  c  t
This  work  reports  the  laser  surface  modiﬁcation  of 304S15  stainless  steel  to develop  superhydrophobic
properties  and  the  subsequent  application  for  homogeneous  spot  deposition.  Superhydrophobic  sur-
faces,  with  steady  contact  angle  of  ∼154◦ and  contact  angle  hysteresis  of  ∼4◦, are  fabricated  by direct
laser  texturing.  In comparison  with  common  pico-/femto-second  lasers  employed  for  this  patterning,  the
nanosecond  ﬁber  laser  used  in  this  work  is  more  cost-effective,  compact  and  allows  higher  processing
rates.  The  effect  of  laser  power  and  scan  line  separation  on surface  wettability  of  textured  surfaceseywords:
uperhydrophobic surface
anosecond laser texturing
offee-stain effect
uppression of the coffee-stain effect
tainless steel
are  investigated  and  optimized  fabrication  parameters  are given.  Fluid  ﬂows  and transportations  of
polystyrene  (PS)  nanoparticles  suspension  droplets  on  the  processed  surfaces  and  unprocessed  wet-
ting  substrates  are  investigated.  After  evaporation  is complete,  the coffee-stain  effect  is observed  on  the
untextured  substrates  but not  on the  superhydrophobic  surfaces.  Uniform  deposition  of PS particles  on
the  laser  textured  surfaces  is  achieved  and  the  deposited  material  is  conﬁned  to  smaller  area.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Superhydrophobic surfaces, for which the water contact angle
s higher than 150◦, have attracted increasing research interest
ue to the many potential applications ranging from biological
o industrial processes and even in daily life [1–3]. Generally, a
ertain surface roughness is required to achieve these low wett-
bility substrates [4,5] and various techniques for attaining them
ave been investigated, such as lithography, etching, deposition
nd laser processing [6]. Among these alternatives, laser textur-
ng is a promising method due to the excellent control of surface
oughness from nano- to micro-scale, single-step processing under
mbient conditions and the ability to work with a large range of
aterials [7–10].
Direct patterning of superhydrophobic metallic surfaces by
 femtosecond laser has been investigated [11,12], which is
mportant for advanced printing techniques [13] and overcoming
∗ Corresponding author.
E-mail address: d.ta@hw.ac.uk (V.D. Ta).
ttp://dx.doi.org/10.1016/j.apsusc.2016.01.019
169-4332/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
surface conductivity [14]. However, most of the reported works
on controlling wettability of metals to date still rely on the
use of pico-/femto-second lasers [15–22]. For industrial appli-
cations, there is high demand to reduce the costs by replacing
the currently used, expensive, ultrafast lasers to more com-
pact and cost-effective systems such as nanosecond ﬁber
lasers [23].
It is well-known that the contact line between a droplet and
a solid surface depends on the droplet contact angle. The higher
the contact angle is, the smaller the contact line hence the droplet
contact line is signiﬁcantly reduced for droplets on superhy-
drophobic surfaces compared with that on typical hydrophobic or
hydrophilic surfaces. Additionally, the surface-pinned contact line
is strongly responsible for the coffee-stain effect [24]. Therefore,
during evaporation of a droplet containing suspended particles,
superhydrophibicity is expected to deposit the particles in an area
with dimensions much smaller than would be achieved on a wet-
ting surface and smaller than the original droplet size. Experimental
realization of this effect will offer the possibility of using non-
wetting surfaces for uniform coating and increasing resolution of
inkjet printing.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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This work demonstrates the generation of superhydrophobic
urfaces on 304S15 stainless steel by nanosecond laser texturing
nd their applications for homogenous deposition.
. Methods and materials
.1. Materials
Stainless steel (304S15, RS components) sheets (1 mm thick)
ere used for all experiments. These samples were cleaned with
sopropanol prior to laser processing.
.2. Laser surface irradiation
The laser source was a nanosecond ﬁber SPI laser (20W EP-
) with wavelength of 1064 nm.  This laser was connected to a
alvanometer scanner and F-Theta focusing lens for delivering a
ocused laser beam over the sample surface with nominal beam
pot of 21 m (deﬁned as 1/e2 of maximum intensity of beam pro-
le). The beam proﬁle has a Gaussian shape with M2 = 1.1. A pulse
uration of ∼220 ns and repetition rate of 25 kHz were used for all
abrication processes. Microstructures on the samples were created
y scanning the laser beam with a ﬁxed speed of 150 mm/s, ﬁrst in x
nd then in y directions. The distance between adjacent laser scan-
ing lines, the so-called scan line separation or pitch size, was kept
onstant for both paths. This distance will be referred as a, and has
een indicated in Fig. 1e.
Surface morphology and wettability of laser processed surfaces
ere characterized as a function of laser ﬂuence. The laser ﬂuence
s the ratio between laser pulse energy and laser beam area.
.3. Surface characterization
The morphology of the laser structured surface was character-
zed by a scanning electron microscope (SEM), model FEI Quanta
EG650, and an optical microscope (Leica DM6000M). Three-
imensional (3D) proﬁles of laser processed surfaces were obtained
y the Leica microscope. This was possible by using z-stack mea-
urements supported from Leica Application Suite Version 4.2.0
LAS V4.2). Surface roughness was characterized on an area of
50 m × 600 m (0.27 mm2) and the LAS 4.2 provided the arith-
etic mean of surface roughness based on the 3D proﬁle obtained.
hree individual measurements were performed on three differ-
nt samples fabricated under exactly the same conditions with the
resented surface roughness values (Sa) calculated by taking mean
f the three values.
ig. 1. SEM images of the original, as-received surface and laser textured surfaces irrad
ubstrate. (b–d) The line separations are 10, 25 and 100 m,  respectively. (e) Structures wience 365 (2016) 153–159
The surface wettability of as-received and laser structured sam-
ples was qualiﬁed by the contact angle () of ∼5 L deionized water
droplets deposited on the surface. The contact angle was obtained
by analyzing droplet images (captured by a Unibrain 1394 camera)
using the software FTA32 (version 2.0). Furthermore, contact angle
hysteresis (CAH) was determined by subtracting the advancing and
receding contact angles [11].
2.4. Preparation of polystyrene suspension
Polystyrene (PS) suspension (∼0.08% solids) was  used to demon-
strate the coffee-stain effect. This was  obtained by diluting the
2% solids PS monodisperse aqueous suspension (particle size of
0.5 m,  Sigma–Aldrich) with deionized water.
3. Results and discussion
3.1. Effect of laser radiation on surface morphology
Fig. 1 shows clearly the effect of laser irradiation on creat-
ing rough structures on the surfaces of the samples. As shown in
Fig. 1a, the as-received substrate has a relatively smooth surface
(Sa ∼ 0.46 m)  and no hierarchical structure. During processing,
the laser both moves and removes material from the surface via
melting and evaporation (ablation) respectively, forming periodic
structures. The surface morphology of textured surfaces depends
on the laser power and the scan line separation. For a small line
separation of 10 m,  the beam overlap between two adjacent lines
is high (∼65%) so the multi-directional structure is not well pro-
nounced (Fig. 1b). In contrast, for a separation of 25 m or larger
(Fig. 1c and d) these additional structures are clearly observed.
In addition, the pulse overlap (∼79%) in a single scanning line is
also visible in both x and y directions (Fig. 1d). In this work, we
focused on a = 50 m (Fig. 1e) as it is an optimized value which will
be discussed later. For the 50 m spacing, the line separation was
sufﬁciently large that a proportion of the surface was not ablated.
High-magniﬁcation of a single unit is presented in Fig. 1f where the
unprocessed part is surrounded by evaporative micro-structures.
As mentioned earlier, the surface morphology depends on the
laser power. Fig. 2a–d show SEM images of the structures with the
same line separation of 50 m and irradiated with various laser
ﬂuences. The depth of the structures increases and the heat zone
expands with increasing ﬂuence. The width of laser treated lines
was only ∼12 m for a ﬂuence of 25 J/cm2, increasing signiﬁcantly
for higher irradiated energies. Heat zones of 21, 29 and 35 m
were measured for a ﬂuence of 33, 40 and 48 J/cm2, respectively.
iated with the same ﬂuence of 36 J/cm2. (a) As-received stainless steel (304S15)
ith line separation of 50 m and (f) high-resolution of a single unit.
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Fig. 3. Surface morphology of structured surfaces irradiated with same line separa-
tion of 50 m and various powers. (a) 3D proﬁle of a typical surface under 36 J/cm2.
(b)  Average roughness of textured surfaces as function of laser ﬂuence.
Fig. 4. Surface wettability evolution and contact angle hysteresis (CAH) measure-
ment. (a) The contact angle of a droplet on a laser structured surface (a = 50 m,ig. 2. SEM images of laser textured surfaces irradiated with the same line sepa-
ation of 50 m for various powers. (a)–(d) Laser ﬂuence of 25, 33, 40, 48 J/cm2,
espectively.
enerally, the heat zone expanded three times when the laser
uence was doubled. To get more information about surface rough-
ess an optical microscope was used to study these samples. Fig. 3a
hows the 3D proﬁle of a typical surface, irradiated with 36 J/cm2.
he created structures have an average depth of ∼7 m with depths
f up to ∼11 m achieved where laser processed lines cross.
Surface roughness measurements were carried out on three sep-
rate samples for each ﬂuence and the results are shown in Fig. 3b.
he roughness of the laser textured surfaces for ﬂuences below
nd around 33 J/cm2 was not signiﬁcantly higher than the value
f 0.46 m measured for the unprocessed surface. However, the Sa
ncreased linearly with ﬂuences higher than 33 J/cm2. The rough-
ess was around 2 and 7 times greater compared with that of the
ntextured surface for ﬂuences of 36 and 48 J/cm2, respectively.
he result shows that surface roughness can be well-controlled by
aser power.
.2. Effect of exposure time to ambient conditions on surface
ettability
The surface wettability of laser textured surfaces changed
ver time when exposed to ambient conditions (temperature of
2–24 ◦C and relative humidity of ∼44%). Fig. 4a plots the contact
ngle of a laser structured surface (a = 50 m,  36 J/cm2) as function
f time. Shortly after fabrication, the contact angle was  relatively
mall; around 10◦ after being left in the air for one day. However,
he contact angle gradually increased with time. After 13 days it
as ∼152◦ and it reached a stable value of ∼154◦ by day 18, after
hich no signiﬁcant change in the contact angle was observed. Fur-
hermore, we have measured the contact angle of laser processed
urfaces (a = 50 m)  that were irradiated with laser ﬂuences higher
han 36 J/cm2 and left under ambient conditions for ∼6 months.
he results are shown in Fig. S1. It was found that the contact
ngle is ∼155◦ for all ﬂuences from 36 to 48 J/cm2. That means
fter reaching the steady state, there is no difference in the evo-
ution of surface wettability (in terms of contact angle) with time
or surfaces irradiated with different laser ﬂuences.The above phenomenon has been reported previously [12].
irectly after fabrication, the laser structured surfaces were
ydrophilic primarily because the laser-induced roughness ampli-
ed the wetting behavior of these surfaces according to Wenzel’sﬂuence of 36 J/cm2) develops with time. The inset shows droplet images measured
after exposure to air for 2, 6 and 18 days. (b) The sequence of images indicates a
growing/shrinking droplet. The sample was exposed to the air for 19 days.
model [4]. However, the change of wettability over time is due to
modiﬁcation of surface chemistry and the decomposition of carbon
dioxide into carbon with active magnetite can be a key factor [12].
For practical applications such as self-cleaning materials, a sur-
face needs to have a small CAH, typically smaller than 10◦ [25].
The CAH can be measured by comparing the advancing and reced-
ing contact angles [11]. Fig. 4b demonstrates a sequence of droplet
images (the completed process is presented in supporting video
1) where these two  angles are determined. Firstly, a droplet was
placed on the surface and then further ﬁlled with water. The droplet
became bigger and the contact area notably increased (second
image). This presents the growing or advancing contact angle and
was found to be ∼156◦. Secondly, water was  continuously removed
which decreases the droplet size and the contact area. Finally, the
droplet departed from the surface (ﬁnal image). The receding con-
tact angle was  obtained just before the contact was  broken (fourth
image) and determined to be ∼152◦. As a result, the CAH was  ∼4◦.
It is noted that the droplet did not wet  the surface during the mea-
◦surement. Due to the large contact angle (∼154 ) and small CAH
(∼4◦), the laser textured surfaces (after exposure to the air for
18 days or longer) are superhydrophobic [25], which make them
attractive for a number of applications [26].
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Fig. 5. Effect of laser ﬂuence and line separation on wettability of laser structured
surfaces. All examples were studied after exposure to the air for 7, 11, and 15 days.
(a)  The contact angle of surfaces with a 50 m line separation and irradiated with
various ﬂuences. (b) The contact angle of surfaces irradiated with a ﬁxed ﬂuence
of  36 J/cm2 versus line separation. The error bars are the standard deviation of the
average of three individual measurements per point. The inset presents the ratio
between the cosine of contact angle (r) of the laser textured surface (exposed to
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Following the above observation, Fig. 7a and b depict the evap-he  air for 15 days) and the cosine of the contact angle ( ∼ 83◦) of the as-received
ubstrate as a function of line separation.
.3. Effect of laser power and scan line separation on surface
ettability
Laser power and structure have direct impacts on the wettabil-
ty of textured surfaces. Below, these two factors are investigated
eparately, from which optimized fabrication parameters are given.
The laser power strongly affects surface morphology of the tex-
ured surface so it should inﬂuence the surface wettability. To study
his effect, the samples were processed with the same line separa-
ion of 50 m.  Fig. 5a shows the contact angle of the processed
urfaces as a function of ﬂuence, expressing a similar curve when
easured at different times after processing. As the laser power
ncreases, the contact angle grows up to a maximum value and then
radually decreases. The optimized ﬂuences for the given ∼5 L
olume droplets, in order to achieve non-wettability in the shortest
ime after fabrication were 33 and 36 J/cm2.
As can be seen in Fig. 3b, the surface roughness created was  low
or the ﬂuence of 25 and 29 J/cm2 hence the evolution of contact
ngle on the processed surfaces was not as pronounced compared
ith as-received surfaces. In contrast, for the high ﬂuences (44 andFig. 6. Proﬁle of a ∼5 L droplet on solid substrates over time. (a) The hydrophilic
surface, the stainless steel sheet as supplied. (b) The superhydrophobic surface,
a  = 50 m,  was irradiated with 36 J/cm2 and exposed to the air for 20 days.
48 J/cm2), the increased roughness enhanced the wettability. Also,
as the amount of activated sites increases on the surface, it requires
more time for the relevant reactions with air to render the high
contact angle. For the ﬂuences (33 and 36 J/cm2), the roughness
value was  in between the two above cases, which allows for the
development of superhydrophobicity in a reasonable time.
To study the effect of scan line separation on the surface wett-
ability, the laser ﬂuence of 36 J/cm2 was used for all samples. Fig. 5b
plots the development of the contact angle versus the line spac-
ing where the relationship can be divided into three main parts.
The contact angle was very low, ∼10◦, for the smallest spacing of
10 m and was  moderate, ∼130◦, for the large spacing (a > 200 m).
In addition, for both cases, the contact angle did not show a signiﬁ-
cant change over 15 days. The most interesting event was observed
for the medium separation of 25–200 m where the evolution of
contact angle with time was  obvious. The contact angle at day 15
was generally higher than 130◦, and especially, reached ∼150◦ for
a = 50–150 m.  SEM images of these surfaces with scan line separa-
tions from 75 to 150 m are shown in Fig. S2. Furthermore, surfaces
with a = 50–150 m and after exposure to the air for 15 days or
longer, exhibit incomplete wetting. The droplet did not wet these
surfaces so the contact angle is described by Cassie-Baxter [5] rather
than Wenzel’s model [4]. The inset of Fig. 5b shows that at day
15, surface wettability of textured surfaces is at Wenzel’s regime
for a < 50 m,  changes to Cassie-Baxter for a = 50 m and stays at
this regime until a = 150 m,  and ﬁnally back to Wenzel’s regime
for a > 150 m.  As a result, the most suitable spacing for achiev-
ing incomplete wetting surfaces in the shortest exposure time is
50–150 m.
It is noted that for a = 200 m or larger, the increase of the scan-
ning line distance results in surfaces with a signiﬁcant portion
untreated which has a negative effect on the contact angle and
CAH. These surfaces did not become superhydrophobic even after
being left under ambient air for several months. In contrast, laser
processed surfaces with a = 10 and 25 m became superhydropho-
bic after exposure to air for ∼1 month.
3.4. Evaporation of droplets
It is well-known that evaporation ﬂux strongly inﬂuences the
development of the coffee-stain effect [24]. Fig. 6 compares the
droplet proﬁle for an initially ∼2.2 mm diameter droplet on a super-
hydrophobic and the as-received surface over 20 min. The contact
line of the droplet on the hydrophilic substrate is about three times
larger in diameter than that of the droplet on non-wetting sur-
face. The contact angle of the droplet on the hydrophilic surface
decreased sharply 71%, from ∼77◦ to 22◦, which is nearly ﬁve times
higher than the change of 15% (from ∼154◦ to 130◦) for the non-
wetting surface.oration and shrinking of droplets when drying on non-wetting and
wetting surfaces. For the hydrophilic surface, the evaporation ﬂux
is higher at the edge than at the droplet centre. As a result, the
V.D. Ta et al. / Applied Surface Sc
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3roplets. Deposited on (a) the as-received and (b) superhydrophobic surfaces. The
ashed-arrows represent capillary ﬂows inside droplet. (c) Normalized evaporation
ime as a function of droplet volume.
uid ﬂows from the droplet centre to the contact line, resulting in
he coffee-stain effect [27]. In contrast, as the droplet has a near
pherical shape on the hydrophobic surface, the evaporation ﬂux
s expected to be highly uniform across the droplet surface. Fur-
hermore, due to the small CAH (∼4◦) the contact line appears
o be relatively free moving. As a result, ﬂuid ﬂows towards and
hen away from the edge so the coffee-stain effect is unlikely to be
bserved [28].
Average evaporation ﬂux of the droplet on the hydrophilic sub-
trate should be higher compared with that on the incomplete
ig. 8. Formation of the coffee-stain and uniform deposition. Transportation of particles 
6  J/cm2 and exposed to the air for 15 days) over time. (c, d) 3D proﬁle of the deposited mience 365 (2016) 153–159 157
wetting surface. The total evaporation time (tf) (measured from the
time when a droplet is deposited on a surface until the evaporation
is complete) of droplets with various volumes was investigated and
is shown in Fig. 7c. Indeed, compared to the as-received surface,
droplets on the non-wetting surfaces need about 1.5 times longer
to completely evaporate.
3.5. Formation and prevention of the coffee-stain effect
Fig. 8a shows a sequence water droplet carrying PS particles
that dries on the as-received substrates over time (the complete
process is shown in the video 2). The transformation of the parti-
cles from droplet center to the rim can be seen clearly from the time
when t/tf = 0.9. Finally, when the evaporation is complete (t/tf = 1),
it leaves the ring-like stain with a diameter of around 3.2 mm.  This
so-called coffee-stain effect has been well-studied [24,29]. In some
instances, this phenomenon is useful such as for fabrication of con-
ducting lines [30] and particle separation [31].
However, the coffee-stain effect is undesirable in many applica-
tions including ink-jet printing [32,33] and biotechnology [34,35]
as it causes non-uniform deposition. A number of techniques have
been proposed in order to improve spot homogeneity, which can
be classiﬁed into two  groups. The ﬁrst approach is using external
factors such as temperature [32], electrowetting [36] and alternat-
ing current signal [37]. The second method is based on modiﬁcation
of the liquid [27,33], its suspended particles [38] and the substrate
(hydrophilic or hydrophobic) used [39,40]. This work demonstrates
that there is no coffee-stain effect on a superhydrophobic surface.
Fig. 8b shows a droplet (volume ∼5 L) drying on a superhy-
drophobic surface with time (more information is given in the
video 3). After the evaporation is complete, uniform PS deposition
with a near circular shape was obtained. The ﬁlm diameter was
∼1 mm,  which is more than 3 times smaller than the size of the
ring on the wetting surface. Fig. 8c and d compare surface morphol-
ogy of the ring and the spot ﬁlm. It is clear that most PS particles
were deposited in the contact line on the hydrophilic surface but
were uniformly distributed on the non-wetting surface. The result
demonstrates that surfaces exhibiting hydrophobicity can provide
a solution for achieving uniform coatings deposit from suspensions
and can improve ink-jet printing resolution [32]. The formation of
in ∼5 L droplet on (a) as-received surfaces and (b) superhydrophobic (a = 50 m,
aterial after droplet evaporation shown in (a, b), respectively.
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Fig. 9. Transportation of particles carried in a 5 L droplet on superhydrophobic s
oved to minimize the particle deposition. The two samples have a = 50 m,  irrad
aptured using the Leica microscope.
niform spots with a high density of nanoparticles also has poten-
ial for photonic device fabrication such as novel laser sources [41].
The area over which material is deposited on the superhy-
rophobic surface can be further reduced when the droplet contact
ine moves toward droplet centre. This effect is possible because of
he creation of saturated vapor near the contact line during the dry-
ng process [42]. In our work, contact line movement was observed
y increasing the evaporation ﬂux (achieved by increasing the tem-
erature of the surrounding air by ∼4 ◦C). Fig. 9a clearly shows
he movement of the initial contact line of a droplet on a 22-day
ld sample during the drying process. It is noticeable because a
ew PS particles were pinned on the contact line, forming a ring-
ike structure with diameter of 1 mm (similar to the observation in
ig. 8b). Most of PS particles were concentrated in an ellipse-like
lm (0.5 mm by 0.7 mm)  located inside and at the top-left of the
ing. Fig. 9b indicates that droplets on the 34-day old surface did
ot exhibit initial partial contact line pinning as after evaporation
s complete there is no evidence of PS particles outside the central
egion. This is because the contact line was free moving so there
ere no PS particles pinned. All PS particles were concentrated in
 spot with a diameter of about 0.5 mm,  which is 2 times smaller
ompared with that (1 mm)  observed in Fig. 8b. Compared with the
riginal ring-like stain (shown in Fig. 8a), the area over which mate-
ial has been deposited has been reduced by about 40 times. These
nding should be very useful for controlling evaporative droplets
arrying biological molecules or analyzers such as DNA, proteins
nd cells in which minimizing the patterned area is strongly desired
1]. It is noted that the PS particles are well adhered to the surface
fter the evaporation is complete.
. Conclusions
It has been demonstrated that superhydrophobic surfaces on a
ommon stainless steel can be fabricated by using a cost-effective
nd compact nanosecond laser system. Despite the processed sur-
aces exhibiting hydrophilic properties directly after fabrication,
heir wettability changes over time under ambient conditions and
ecomes non-wetting after 13 days. Optimized fabrication param-
ters are studied by investigation of the effect of laser power and
can line separation on surface wettability of textured surfaces.
nterestingly, the syperhydrophobic surfaces can be employed for
chieving spot homogeneity. Droplets with PS suspended parti-
les on the as-received surface form clear, non-uniform ring-like
tructures after evaporation is complete. Conversely, on the incom-
lete wetting surfaces uniform deposition of the PS is observed.
or the same droplet volume, the deposited area of the PS particles
[
[s during evaporation. The contact line between the droplet and solid surface was
with 36 J/cm2 and were exposed to the air for (a) 22 and (b) 34 days. Images were
on the laser textured surfaces is one order of magnitude smaller
compared with that on the unprocessed surface. This ﬁnding is use-
ful for biological applications, in which minimizing the deposition
of DNA, proteins and cell suspensions is highly important, as well
as advanced fabrication techniques for uniform coatings and high
resolution ink-jet prints.
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